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Rare-earth permanent magnets are used extensively in numerous
technical applications, e.g. wind turbines, audio speakers, and hybrid/electric vehicles.
The demand and production of rare-earth permanent magnets in the world has in the
past decades increased significantly. However, the decrease in export of rare-earth
elements from China in recent time has led to a renewed interest in developing rareearth free permanent magnets. Elements such as Fe and Co have potential, due to their
high magnetization, to be used as hosts in rare-earth free permanent magnets but a
major challenge is to increase their magnetocrystalline anisotropy constant, K1, which
largely drives the coercivity. Theoretical calculations indicate that dissolving the 5d
transition metal W in Fe or Co increases the magnetocrystalline anisotropy. The
challenge, though, is in creating a solid solution in hcp Co or bcc Fe, which under
equilibrium conditions have negligible solubility.
In this dissertation, the formation, structure, and magnetic properties of
sub-10 nm Co-W clusters with W content ranging from 4 to 24 atomic percent were
studied. Co-W alloy clusters with extended solubility of W in hcp Co were produced
by inert gas condensation. The different processing conditions such as the cooling
scheme and sputtering power were found to control the structural state of the asdeposited Co-W clusters. For clusters formed in the water-cooled formation chamber,

the mean size and the fraction crystalline clusters increased with increasing power,
while the fraction of crystalline clusters formed in the liquid nitrogen-cooled
formation chamber was not as affected by the sputtering power. For the low W
content clusters, the structural characterization revealed clusters predominantly single
crystalline hcp Co(W) structure, a significant extension of W solubility when
compared to the equilibrium solubility, but fcc Co(W) and Co3W structures were
observed in very small and large clusters, respectively. At high W content, clusters
with hcp Co(W), fcc Co(W) or Co3W structures were observed.
The magnetic measurements at 10 K and 300 K revealed that the
coercivity, saturation magnetization and magnetocrystalline anisotropy of the clusters
formed in the water-cooled formation chamber were higher than for clusters formed in
the liquid nitrogen-cooled formation chamber. The coercivity and magnetocrystalline
anisotropy of the clusters increased as long as W was dissolved into the hcp Co
structure. With increasing fraction of Co3W and fcc Co(W) clusters, as observed in the
high-W content sample, the magnetic properties deteriorated significantly. The highest
coercivity and magnetocrystalline anisotropy of 893 Oe and 3.9 x 106 ergs/cm3,
respectively, was obtained at 10 K for the 5 at.% W clusters sputtered at 150 W in the
water-cooled formation chamber.

To my Nova.
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CHAPTER 1: Introduction
1.1 Background
Magnetism as one of the oldest scientific topics is still currently one of the most
important disciplines that are the driving force behind emerging technology. The first
known magnet, a natural ferrite stone (lodestone), was named magnes and is believed
to have first been found in Magnesia, a region of ancient Greece [1]. Until 19th century
the only magnetism known was the one produced by lodestones or iron compasses that
had been magnetized by lodestones [2]. The electromagnetic age sparked with Oersted’s
accidental discovery of the relationship between electricity and magnetism in 1820
followed by Biot’s and Savart’s derivation of the magnetic field around a current
carrying wire and Ampére developing a physical and mathematical theory describing
the forces between two current carrying wires [3]. The electromagnetic age peaked with
the work of Faraday and Maxwell. In 1831 Faraday discovered electromagnetic
induction and approximately a decade later he discovered the direct connection between
magnetism and light [2]. Faraday also developed electric motors, generators, and
transformers that became the foundation of the industrialized society [2]. Maxwell later
expended Faraday’s ideas of the connection between electricity and magnetism by
describing them with mathematical form. The material mainly used in the applications
during the electromagnetic age was steel. With the age of understanding in the 20 th
century came the permanent magnet Al-Ni-Co alloy (Alnico) [3]. Alnico was shown to
have superior magnetic properties compared to available magnets at that time. Today,
permanent magnets based on rare-earth elements are the strongest available magnets
and have become fundamental components in a wide range of industrial, consumer and
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defense applications such as computer hard drives, magnetic resonance imaging
machines, and generators in wind turbines.
The production of rare-earth permanent magnets has increased substantially over the
past century as a result of an increased number of technologies that utilize rare-earth
permanent magnets [4]. Approximately 12,000 tons of rare-earth permanent magnets
(valued at US $100 million) were produced in 1955 and increased to an estimated
180,000 tons (valued at US $1 billion) in 1985 [3, 5]. Today, the total world production
of rare-earth permanent magnets is estimated to be around 250,000 tons per year with
an annual growth rate between 10 % and 20 % [6]. The largest producers of rare-earth
permanent magnets are located mainly in China, followed by Japan, USA, and Europe
[6].
The evolution of permanent magnets with respect to the magnetic energy product, a
measure of the amount of work a magnet can perform, has been remarkable for the past
century (see Figure 1.1). The development of Alnico alloys in the 1930’s resulted in a
higher energy product compared to existing steel based magnets at that time. In the
1970’s and 80’s the magnetic energy product improved even further with the
introduction of the rare-earth permanent magnets based on Sm-Co and Nd-Fe-B alloys,
which are characterized by their superior magnetic properties [3].

3

Figure 1.1. Development in magnetic energy product for various permanent
magnets in the 20th century. Image from ref [4].

A major challenge in producing rare-earth permanent magnets is the supply of the rareearth elements. Since 1990, China has been the dominant exporter of rare-earth
elements [7]. However, China announced in 2009 that it would start restricting the
export of some rare-earth elements due to internal usage [7, 8]. Concerns regarding the
supply of rare earths have therefore motivated the search for alternatives to the rareearth permanent magnets. One direction that has attracted great interest is to develop
non-rare-earth permanent magnets with properties equivalent to rare-earth magnets, e.g.
high Curie temperature, large magnetocrystalline anisotropy, and high magnetization
[8]. A magnet with a Curie temperature well above the operating temperature of the
application is crucial since the spontaneous magnetization drops to zero at the Curie
temperature. Large magnetocrystalline anisotropy is desired since it impedes the
rotation of the magnetization in the crystal, giving rise to a large coercivity. High
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magnetization is required for the non-rare earth permanent magnet since the magnetic
energy product is quadratic in the magnetization [9].
Non-rare-earth permanent magnets based on ferromagnetic elements such as iron and cobalt
have attracted significant attention, largely because of their potential high magnetization

[9]. The magnetocrystalline anisotropy of Co and Fe is approximately 5.0 and 0.5 x 106
ergs/cm3 [10], respectively, which is too low for permanent magnet applications. One way
to improve the magnetocrystalline anisotropy of Co and Fe significantly is to produce
equiatomic compounds such as Co-Pt and Fe-Pt in the ordered L10 structure [11, 12]. The

L10-ordered Co-Pt and Fe-Pt-based magnets with magnetocrystalline anisotropies of
4.9 x 107 ergs/cm3 and 6.6 x 107 ergs/cm3 [13], respectively, are in the same class as the
Sm2Co17 (4.2 x 107 ergs/cm3) and Nd2Fe14B (4.9 x 107 ergs/cm3) based magnets [14].
Although the L10-ordered Co-Pt or Fe-Pt magnets yield high anisotropy, the raw
material cost of Pt is expensive. Recent theoretical studies have shown that small
concentration of the cheaper and more abundant 5d transition metal W in Co or Fe, in
the form of substitutional atom, induce an increase in magnetocrystalline anisotropy
[15, 16]. However, according to the phase diagram the equilibrium solubility limit of
W in hexagonal close-packed (hcp) Co is limited. [17]. However, it has been shown that
components that are immiscible in the bulk form, for example Fe-Ag, become soluble
at the nanoscale [18, 19, 20]. Inert gas condensation (IGC) is a non-equilibrium process
which can extend the solubility limit beyond the equilibrium limit for otherwise
immiscible materials [21]. Therefore, in this dissertation, IGC was used to produce CoW nanoclusters.

This dissertation enhances the understanding of the structural and magnetic properties
of Co-W nanoclusters produced by inert gas condensation. The fundamentals of
magnetism and magnetic properties are discussed in Chapter 2. Chapter 3 discusses the
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theoretical and experimental magnetic property results obtained for Co-W based alloys. An
overview of the experimental techniques used in this dissertation is given in Chapter 4:
formation of nanoclusters by inert gas condensation, structural and phase investigations by
x-ray diffraction and transmission electron microscopy, and magnetic measurements
obtained by a superconducting quantum interference device (SQUID) magnetometer.
In Chapter 5, the results obtained from the Co-W nanoclusters produced at different
sputtering power and processing temperature is presented. It is shown that single-crystalline
nanoclusters are predominantly present when using water-cooling, whereas clusters formed
using liquid nitrogen are predominantly amorphous. The magnetic properties of watercooled nanoclusters show higher coercivity and magnetocrystalline anisotropy compared to
liquid nitrogen cooled nanoclusters.
The effect of increasing W content on both the structural and magnetic properties of the
Co-W nanoclusters is presented in Chapter 6. The highest coercivity and magnetocrystalline
anisotropy constant is observed at 5 at. % W, but decreases with increasing W content due
to the formation of Co3W and face centered cubic Co structure in the nanoclusters.
The conclusions of this dissertation are discussed in Chapter 7.

1.2 Objectives
The objective of this study was to investigate nanoclusters consisting of supersaturated
5d transition metal, W, in the ferromagnetic material Co. The aim was to investigate if
the Co-W alloy is a suitable candidate as a non-rare-earth permanent magnet. The
nanoclusters were synthesized by using a non-equilibrium technique. The study was
conducted in a way to find a correlation between resulting phases and structures of the
clusters and their resulting magnetic properties. Specific objectives included:
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To produce Co-W nanoclusters with different W content in an inert gas
condensation system.



To investigate the effect of varying sputtering power on the structure and
phases obtained in the Co-W nanoclusters.



To study the influence of temperature in the cluster-forming chamber on the
structure and phases obtained in the Co-W nanoclusters.



To examine the magnetic properties of the Co-W nanoclusters at both 10K
and room temperature.
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CHAPTER 2: Magnetism and Magnetic Materials
2.1 Basic Concepts
2.1.1 Atomic origins of magnetism
The magnetism of a solid originates from movement of electrons around the nucleus.
Each electron has an orbital and spin motion, which produces a magnetic moment,
schematically illustrated in Figure 2.1 [1]. In the orbital motion the electron moves
around the nucleus, generating a magnetic moment along the axis of the orbital rotation.
The direction of the magnetic moment can be either up or down depending on the
direction of the orbital motion and the magnitude of the magnetic moment of the
electron is given by [2]
𝜇̅𝑜𝑟𝑏𝑖𝑡 = −

𝜇𝐵
𝑙̅
ħ

(2.1)

where 𝜇𝐵 is the Bohr magneton, 𝑙 ̅ is the angular momentum, and ħ = ℎ⁄2𝜋 where h is
the Planck constant. In the spin motion the electron spins around its own axis generating
a moment along its axis and the magnetic moment is given by [2]
𝜇̅𝑠𝑝𝑖𝑛 = −2

𝜇𝐵
𝑠̅
ħ

(2.2)

where 𝑠̅ is the spin momentum. The total magnetic moment for the atom is the sum of
the spin and orbital moments
𝜇̅𝑡𝑜𝑡 = 𝜇̅𝑜𝑟𝑏𝑖𝑡 + 𝜇̅𝑠𝑝𝑖𝑛

(2.3)

The resulting interaction between these two magnetic moments is called the spin-orbit
coupling. The magnitude of the spin-orbit coupling is determined by the atomic number,
Z, and is proportional to Z4 [3].
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Figure 2.1. Schematic illustration of magnetic moment associated with an
orbiting electron and spinning electron.

For materials composed of atoms with completely filled electron shells, a cancellation
of both orbital and spin moments will occur due to the Pauli exclusion principle that
states that two electrons occupying the same atomic orbital must have opposite spins
[3]. Atoms of rare-earth and transition elements have unfilled f-orbitals and d-orbitals,
respectively, resulting in magnetic moments due to unpaired spins. It should be noted
that the contribution from the spin motion in the ferromagnetic materials of Fe, Co, and
Ni is about ten times larger than the contribution from the orbital motion [2].

2.1.2 Definitions
Assuming a straight current I is flowing in the z direction, a magnetic field vector H in
the x-y plane will be produced with the strength of the field given by the Biot-Savart
law [2]
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𝐻=

𝐼
2𝜋𝑟

(2.4)

where r is the distance from the center of the current. The magnetic field, H, is
measured in [A m-1] but can also be expressed in Oersted [Oe], where 1 Oe ≈ 79.6 A m1

. When a magnetic field is applied to a material, the material will respond with a

magnetic induction 𝐵̅
̅
𝐵̅ = 𝜇𝐻

(2.5)

The magnetic induction is a vector quantity and µ is the magnetic permeability of the
material. The permeability of a material is a measure of the degree to which the material
can be magnetized, i.e., a material with high permeability can concentrate a large
amount of flux density in its interior [3].
̅ is another important vector quantity that describes the fields
The magnetization 𝑀
existing in matter and is defined as the magnetic moment 𝑚
̅ per volume V.
Magnetization is proportional to the applied magnetic field
̅=
𝑀

𝑚
̅
̅
= 𝜒𝐻
𝑉

(2.6)

̅ is a material property and depends on both
where 𝜒 is the magnetic susceptibility. 𝑀
individual magnetic moments of the constituent atoms or molecules, and on how the
dipole moments interact with each other [3]. The magnetic susceptibility indicates how
responsive the material is to an external magnetic field and is therefore often used to
classify materials [3]. The susceptibility and permeability are related through
𝜇 =1+𝜒

(2.7)
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Further, the magnetization is related to the magnetic field and magnetic induction
according to
̅ + 4𝜋𝑀
̅
𝐵̅ = 𝐻

(2.8)

There are two ways the magnetic properties can be expressed: SI-unit [meter-kilosecond] or cgs-emu [centimeter-gram-second-electromagnetic]. The units for both
systems, as well as the conversion factors, are presented in Table 2.1. In this
dissertation, the cgs-emu system will be primarily used.

Table 2.1. Magnetic units and conversion factors for the SI and cgs-emu system
[4, 3].
Quantity

Symbol

SI-unit

Cgs-emu unit

Conversion
factor

Magnetic
induction

B

Tesla [T]

Gauss [G]

1 G = 10-4 T

Magnetic field
strength

H

Ampere/m [A/m]

Oersted [Oe]

1 Oe = 79.58 A/m

Magnetic moment

m

emu

Magnetization

M

Ampere m2[A
m2]
Weber/m2
[Wb/m2]

Permeability

µ

Magnetic
susceptibility

𝜒

emu/cm3

1 emu/cm3 =
12.57 ×
10−4 Wb/m2

Henry/m [H/m]

Gauss/Oersted
[G/Oe]

Dimensionless

emu/(Oe cm3)

1 G/Oe =
1.257 ×
10−6 H/m
1 emu/(Oe cm3) =
4π

2.2 Hysteresis
One way to represent the magnetic properties of a material is by plotting the magnetic
induction or magnetization as a function of magnetic field. The curve in Figure 2.2 is

13
a typical hysteresis loop and several important magnetic properties can be interpreted
from the loop.

Figure 2.2. A typical B-H (blue) and M-H (red) hysteresis loop. Image from ref
[5]

Initially, the material is demagnetized but with an increasing magnetic field H, the
magnetic induction (magnetization) will start to increase non-linearly up to saturation
induction, Bs (saturation magnetization, Ms). Every magnetic dipole in the material is,
at this point, orientated in the direction of the applied field. The magnetic induction (or
magnetization) remaining in the material when the applied field is removed is called the
remanent induction, Br (remanent magnetization, Mr), or “remanence”. To reduce the
magnetization of the material back to zero, an H-field in the opposite direction, termed
coercivity Hc, is required. If the H-field is further increased in the opposite direction,
the saturation induction, Bs (saturation magnetization, Ms) will be reached again but in
the opposite direction. The cycle is then reversed.
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An important property that can be calculated from the hysteresis loop is the energy
product,(BH)max. The energy product, measured in Mega-Gauss-Oersted [MGOe],
represents the magnetic energy stored in the magnet and is obtained by calculating the
largest rectangular-area under the curve inside the second quadrant of the B-H
hysteresis loop. High coercivity and remanance will therefore result in a high energy
product.
A magnetic material can have different hysteresis loop shapes depending on its
characteristics. If the magnet has low coercivity (Hc<12.6 Oe [6]) it is said to be a soft
magnet. Hard magnets on the other hand are characterized by having high coercivity
(Hc>2.5 kOe [6]). A schematic illustration of the hysteresis loop for both soft and hard
magnets is presented in Figure 2.3. Thus, the suitability of magnetic materials for
applications is determined from their hysteresis loop, e.g, materials for electromagnets
need to have low remanence and coercivity in order to ensure that the magnetization
easily be reduced to zero as needed and permanent magnet materials require high
coercivity and remanence in order to retain the magnetization as much as possible [1].

Figure 2.3. Typical hysteresis loop for soft (blue) and hard magnet (hard) [4].
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Notably, the saturation magnetization is temperature dependent and decreases
gradually with increasing temperature. The saturation magnetization abruptly drops to
zero at a specific temperature termed the Curie temperature, Tc. The Curie temperature
of various materials can be seen in Table 2.2

Table 2.2. Curie temperature for various materials [1].

Material
Fe
Ni
Co
Nd2Fe14B
Alnico
SmCo5

Curie
temperature
(°C)
770
358
1130
312
850
720

2.3 Types of magnetic materials
As discussed in section 2.1.2, the magnetic susceptibility, χ, is used to distinguish
different magnetic materials. If 𝜒 < 0 it is said to be a diamagnetic material and is
characterized by atoms having zero net magnetic moment in the absence of an external
magnetic field. When an external magnetic field is applied, the orbital motion of the
electrons will change direction resulting in the magnetic moment being opposite to the
applied field, which is schematically illustrated in Figure 2.4a [3]. Examples of
diamagnetic materials are copper, gold and silver.
In paramagnetic materials, such as titanium, aluminum, and magnesium, the net
magnetic moment is zero in the absence of an external magnetic field due to the atomic
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magnetic dipoles being randomly oriented cancelling out each other. However, in
paramagnetic materials 𝜒 > 0 and when an external magnetic field is applied, the
atomic dipoles of the material will align itself in the same direction as the applied
external field, see Figure 2.4b [4].

Figure 2.4. The atomic dipole configuration with and without an external field
for (a) diamagnetic material and (b) paramagnetic material. The small arrows
represent atomic moments.

In ferromagnetic materials, 𝜒 > 0 and ranges typically from 50 to 100,000 [emu/(Oe
cm3)], e.g., for Fe it is on the order of 100,000 [emu/(Oe cm3)] [5]. In an initial
demagnetized state the magnetization sum of the ferromagnet is zero. When an external
magnetic field is applied to the ferromagnetic material, the domains will start to orient
(through domain wall movement) and align with the direction of the applied field.
Domains are microscopic regions in the ferromagnet with spontaneous magnetization,
i.e., the magnetic dipole moments inside the domain are aligned in the same direction.
The direction of alignment varies from domain to domain and the domains are separated
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by domain walls. Elements such as cobalt, iron, and nickel are ferromagnetic materials
[4].

Figure 2.5. Schematic illustration of domains with the magnetic dipoles inside
which are aligned parallel to each other. When an external field is applied, the
domains tend to align with the field through domain wall movement.

In antiferromagnetic materials the magnetic dipoles have the same magnitude but are
aligned anti-parallel to each other, see Figure 2.6, resulting in a zero net magnetic
moment in the solid [3]. The antiferromagnetic materials become paramagnetic, i.e., the
atomic magnetic dipoles become randomly oriented above a specific temperature called
the Néel temperature. Examples of antiferromagnetic materials are chromium and
manganese [1].
Ferrimagnets behave very much like the ferromagnets in the way that they are
organized into domains, have a spontaneous magnetization below the Curie
temperature, exhibit hysteresis, and saturate in their magnetization curves [1]. The
ferrimagnets are also partly related to antiferromagnets, in the way that their magnetic
dipoles are aligned anti-parallel to each other. However, a total magnetization exists in
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ferrimagnets since the magnetization of one sublattice is greater than that of the
oppositely oriented sublattice. This is schematically illustrated in Figure 2.6 [3]. Fe3O4
is an example of a ferrimagnet [1].

Figure 2.6. Schematic illustration of (a) an antiferromagnetic and (b) a
ferrimagnetic material.

2.4 Domains
2.4.1 Domain and domain formation
Domains exist in a ferromagnet as a result of a minimization of the total magnetic
energy, which include exchange, magnetostatic, and magnetocrystalline energy [3]. The
exchange energy, which aligns the electron spins, is minimized when all magnetic
moments point in the same direction [3]. This implies that lowest exchange energy is
obtained when a single domain with all magnetic moments align occurs [3]. Landau and
Lifschitz showed in 1935 that a single domain specimen is associated with large
magnetostatic energy. This is because the magnetostatic energy is related to the
demagnetizing field of the ferromagnet [3]. The magnetostatic energy is the principal
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driving force for domain formations since breaking the magnetization into domains will
reduce the demagnetizing field and thus minimize the magnetostatic energy [1]. The
magnetocrystalline energy is a measure of domain orientation with respect to
crystallographic directions of the material. To minimize this energy the magnetization
vector of the domain forms along the easy axes of the material [3]. Magnetocrystalline
energy and anisotropy will be discussed more in detail in section 2.5. During the
magnetization process the expanding domains encounter and overcome imperfections
such as defects or dislocations in the crystal, ultimately reaching a total saturation
magnetization. Once the external field is removed, the ferromagnet prefers to return to
its original state, i.e., create domains. However, the demagnetization energy on its own
is not strong enough to move a domain boundary past imperfections, resulting in a net
magnetization (remenance) in the material [3].

2.4.2 Domain walls and single domain
Aforementioned, the direction of the magnetic dipole inside the domains can vary from
one domain to another and the adjacent domains are separated by a domain wall. The
width of the domain walls can vary and is governed by the exchange energy and
magnetocrystalline anisotropy [3]. The direction of magnetization gradually changes
across this distance as Figure 2.7 schematically illustrates [3]. The exchange energy
favors adjacent magnetic moments being parallel, or as close to parallel as possible [3].
Thus, wide walls are preferred by the exchange energy since the changes in moment
angles between the moments will be small. In contrast, the magnetocrysalline
anisotropy favors narrow walls with a sharp transition between the domains [3].
Magnetocrystalline anisotropy is optimized when the moments are aligned as closely to
the easy axes and only few moments being unfavorable aligned in the transition region
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[3]. The domain wall width δ0 is determined when these two energies form a balance
and can be found by using the equation

𝐴
𝛿0 = √
𝐾1

(2.9)

where A is the exchange stiffness coefficient with dimension [energy/length] and K1 is
the leading term in magnetocrystalline anisotropy with dimension [energy/volume] [7].
The domain wall width can vary from about one nanometer in extremely hard magnetic
materials (due to high K1) to several hundred nanometers in very soft magnetic materials
[7]. For example, the domain wall width is 3.9 nm for Nd2Fe14B while 14 nm for Co
[8].

Figure 2.7. Schematic illustration of domains and domain wall: arrows represent
the atomic magnetic dipoles. It can been seen that the change in orientation of the
magnetic dipoles in a 180° twist boundary [3, 9].

Under a certain particle radius rc, it will be energetically unfavorable for the
ferromagnet to form multi-domains and domain walls. Instead, a single-domain particle
is preferred. For a single-domain particle the magnetostatic energy will be large but on
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the other hand there will be no energy contributed from the domain wall. For particles
with multi-domains, the magnetostatic energy will decrease but the increases the
exchange energy [3]. Figure 2.8 shows the energy of single and multi-domain particles
as a function of the particle radius [3]. The critical radius can be calculated by

𝑟𝑐 =

36√𝐴𝐾1
𝜇0 𝑀𝑠2

(2.10)

where µ0 is the permeability of free space and Ms is the saturation magnetization [8].

Figure 2.8. The energy of single and multidomain as a function of particle
radius. Image from ref [3].

2.4.3 Coercivity of particles with single-domain
One breakthrough in improving existing magnets came with the discovery of single
domain magnetism in the 1950’s, which demonstrated that the coercivity increased with
a reduction of particle size [10]. As can be seen in Figure 2.9, the coercivity increases
with decreasing particle size, reaching a maximum at the single domain size. At this
point, since there is only one domain, the reversal of this single domain can only occur
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by coherent rotation of the spins, which requires larger fields than if the particle had
multiple domains. However, with further decreasing particle size, the particles become
superparamagnetic with unstable magnetic moments and zero coercivity due to the spins
being affected by thermal fluctuations. The single-domain radius for spherical Co, Fe,
SmCo5, and Nd2Fe14B particles are 34, 6, 764, and 107 nm, respectively [6].

Figure 2.9. Schematic illustration of how the coercivity depends on the
particle size. Image from ref [10].

2.5 Anisotropy
The term “magnetic anisotropy” refers to the dependence of the magnetic properties on
the crystallographic direction in which they are measured [3]. There are several types
of anisotropies; magnetocrystalline anisotropy, stress anisotropy and shape anisotropy.
Magnetization and hysteresis curves are affected by the magnitude and type of magnetic
anisotropy and are therefore an important factor when determining the suitability of a
magnetic material for a particular application [3]. The only anisotropy related to this
dissertation is the magnetocrystalline anisotropy and will therefore only be discussed.
2.6.1 Magnetocrystalline anisotropy
As discussed earlier, inside the ferromagnetic domains the magnetization points along
a preferred crystallographic direction. This phenomenon is called magnetocrystalline
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anisotropy and originates from the electron spin-orbital coupling [3]. The orbit is
strongly tied to the crystal lattice, and when an external magnetic field tries to reverse
the electron spin direction the direction of the orbit spin must change as well [3].
Consequently, the stronger the spin-orbit coupling, like in the case of rare earth
elements, the stronger the external field is required to force the orbit to align along a
direction other than the preferred direction [3, 8].
In hcp Co, magnetocrystalline anisotropy causes the magnetization to point along the
[0001] crystallographic direction. This is the easiest direction to reach saturation
magnetization and is therefore called the easy axis. On the contrary, the crystallographic
directions [101̅0] and [112̅0] of hcp Co are considered to be hard axes since these
directions are the most difficult to achieve saturation [4]. Figure 2.10 shows a schematic
illustration of the difference between magnetizing along an easy axis and hard axis. It
is noted that the final value of the magnetization is the same for both directions but the
field required to reach saturation is distinctly different in each case.

Figure 2.10. Schematic magnetization curves with the field oriented along
the hard and easy direction. Image from ref [3].
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The anisotropy energy E is defined as the energy that it takes to rotate the magnetization
direction from the easy into the hard direction. For hexagonal structures the anisotropy
energy can be calculated as [2]
𝐸 = 𝐾1 (sin 𝜃)2 + 𝐾2 (sin 𝜃)4 + ⋯

(2.11)

where K1 and K2 are the anisotropy constants and θ is the angle between magnetization
̅ and the easy axis of the crystal. The higher order terms are often neglected
vector 𝑀
and typically only K1 is considered when comparing anisotropy energies among various
materials. In general, fewer easy magnetization axes in the crystal results in higher K1
values, i.e., more difficult to magnetize in the hard direction [11]. Typical K1 values for
CoPt, FePt, Sm2Co17, and Nd2Fe14B at room temperature are 49, 66, 42, and 49
Mergs/cm3, respectively [12, 13]. Notably, the anisotropy in all materials decreases with
increasing temperature, and at the Curie temperature there is no preferred orientation
for domain magnetization [3].
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CHAPTER 3: Overview of Co-W alloys
3.1 Co-W phase diagram
The Co-W equilibrium phase diagram (Figure 3.1) shows that the solubility of W in Co
and Co in W is limited at room temperature. Further, two intermediate phases, Co3W
and Co7W6, exist in the Co-W system and the dotted horizontal line at 422 °C indicates
the hcp Co ↔ fcc Co allotropic transformation [1].

Figure 3.1. Co-W phase diagram. Image from ref [1].

3.2 Solubility of immiscible elements
As the Co-W equilibrium phase diagram (Figure 3.1) shows, the solubility of W is
negligible in hcp Co. In many systems, though, non-equilibrium processing can extend
solid solubility. For example, it has long been known that rapid solidification can create
extended solid solutions. Furthermore, extended solubility of immiscible elements has
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been proposed [2] and observed [3]. Further, other immiscible binary systems such as
Ag-Cu and Pt-Au have also shown to be soluble in each other at nanoscale [4]. Factors
that influence the solubility of immiscible elements at the nanoscale are heat of
formation and surface atoms. The heat of formation (change of enthalpy) is sizedependent; for bulk-immiscible alloys, the heat of formation is positive, indicating that
the alloying of the elements will be difficult from a thermodynamic point of view [5].
However, for nanoparticles, the heat for formation may be negative, implying
miscibility in a nanoscale system. The fraction of surface atoms present in a
nanoparticle is size-dependent, e.g. for a 2 nm particle the proportion of surface atoms
are 50% while for a 10 nm particle it is around 10% [6]. Since the atoms at the surface
are less tightly bound compared to the core atoms, they possess a higher energy,
resulting in an extra surface energy term added to Gibbs free energy, thereby modifying
the phase diagram at nanoscale [7, 8, 9].

3.3 Co–W based magnetism
Rare-earth-based magnets, such as Sm-Co and Nd-Fe-B, are the strongest available
permanent magnets in the market today (Figure 1.1). The characteristics of a good
permanent magnet are [10]: high saturation magnetization, high anisotropy field, high
resistance to demagnetization, and high Curie temperature. In permanent magnetism,
the 3d transition metals, especially Fe and Co, play an important role in their magnetic
properties, including magnetization as high as 24.3 kG (in Fe65Co35) [11] and Curie
temperature of 1043 K and 1388 K, respectively [12]. However, alloying of Fe and Co
is necessary since the magnetocrystalline anisotropy, K1, of Fe and Co are 0.5 and 5.0
Mergs/cm3, respectively, and the coercivities are 1.26 Oe and 12.6 Oe, respectively,
which is not sufficient enough for permanent magnet application [13]. By combining
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rare earth elements with the 3d-transistion elements, the permanent magnets obtain the
best features from both components. The rare-earth atoms contribute with strong
uniaxial magnetocrystalline anisotropy while the 3d elements contribute with
pronounced exchange coupling, large magnetization and Curie temperature. The high
magnetocrystalline anisotropy of rare-earth elements is due to its strong spin-orbit
coupling.
Even though the magnetic performance of the rare-earth-based permanent magnets are
second to none, the search for new permanent magnets with less or no rare-earth content
have gained momentum due to the restricted export of rare earth elements from China
[14]. Theoretical studies have shown that minor impurities such as C or N atoms in Fe
or Pd in Co, in the form of interstitial or substitutional atoms, respectively, yield
significant magnetocrystalline anisotropy [15]. In the case of body-centered cubic (bcc)
Fe, C or N atoms dilute the Fe interstitially by occupying the octahedral interstitial sites
of the bcc structure, causing the lattice to expand in the c-direction and contract in the
a-b-plane [15]. The anisotropy of the Fe system increases as a result of this lattice
distortion. However, this increase is small compared to the anisotropy increase
contributed from the interstitial atoms modifying the orbital hybridization of the Fe
atoms. Calculations reveal a strong coupling between the 2p orbitals of C and the 3d
orbitals of nearby Fe atoms that yield both magnetization and anisotropy [15]. However,
to be able to utilize bcc Fe as a host for permanent magnets, diluting with just C or N is
not sufficient. Doping with heavy transition metals is needed to transform the cubic
structure to non-cubic structure since the non-cubic structures have higher
magnetocrystalline anisotropy (see also section 2.6.1) [16].
Regarding Co, calculations show that small concentration of substitutional Pd or Pt
atoms in hexagonal close-packed (hcp) Co yield huge anisotropy contributions,
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attributed to the large spin-orbit coupling between the Co atoms and the Pd or Pt atoms
[16]. However, due to the high price of Pd and Pt, diluting with more abundant and
cheaper 5d transition metals is preferable. Kikuchi et al. [17] studied the effect of 5d
transition element alloys (X = W, Re, Ir, and Pt) on the magnetocrystalline anisotropy
energy (MAE) of epitaxially grown hcp Co-X alloys. They found that, depending on
the X, the MAE of the Co-X alloy significantly changed, e.g. the sign of the first
anisotropy constant K1 changes from positive to negative with increasing valence
electrons in X. The change of sign indicates that the easy axis of the magnetization
rotates from the c-axis to the a-b-plane. Further, they report that diluting Co with W
enhances K1 by approximately 33 % compared to the K1 for pure hcp Co (~ 4.5
Mergs/cm3 [18]). However, Kashyap et al. [19] calculated that diluting with a small
fraction of W atoms in hcp Co leads to a change in orientation of magnetization easy
axis from perpendicular to in-plane direction, i.e. the value of K1 changes sign,
contradicting the results obtained by Kikuchi. The experimental results obtained in this
dissertation show that the magnetocrystalline anisotropy of the Co-W nanoclusters
initially increases with increasing W content, as Kikuchi predicted, but no change in
orientation of the magnetization easy axis was observed, contradicting Kashyap’s
calculations [20]. Further, the saturation magnetization of hcp Co is negatively
influenced by diluting with W. To maintain an appreciable saturation magnetization in
the Co-W system, the W content must be kept low since the W moments couple
antiferromagnetically with Co atoms [19]. Likewise, the saturation magnetization and
coercivity of the Co-W thin films decreased significantly with the transformation from
crystalline structure to amorphous structure, attributed to the disappearance of
crystalline magnetic anisotropy and the decrease of stress induced magnetic anisotropy
[21].
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CHAPTER 4: Experimental Procedure
In this chapter the main experimental procedures are described. The inert gas
condensation system that was used to produce the Co-W nanoclusters is discussed first.
Then the methods used for characterizing the structural, phase, and magnetic properties
of the clusters are introduced.

4.1 Sputtering
In sputtering, a target material is bombarded with a beam of ionized inert gas atoms.
Upon the impact, the target will eject atoms that will be deposited onto a substrate.
Sputtering can be used to produce nanoparticles from metals, ceramics, and composites
and the size, composition, crystalline structure, and shape of the nanoparticles can to a
certain extent be controlled by the process parameters. A typical sputtering system,
shown in Figure 4.1, consists of three main components: a target, working gases, and a
substrate. In a conventional direct current (DC) sputtering system, the target is an
electrically conductive material and the working gases are usually noble gases (e.g.
argon and helium). An electrical field is created inside the chamber by applying a high
negative dc voltage to the cathode (target) while grounding the anode (substrate). Stray
electrons near the cathode start to accelerate towards the anode by the applied electric
field [1]. During their acceleration, the electrons collide with the gas atoms and, if they
have sufficient energy, ionize the gas atom positively by removing one electron from
the atom. The resulting two electrons are accelerated again by the electrical field and
can again collide with another gas atom, creating another positively ion atom and
freeing more electrons. This process eventually results in the formation of a plasma.
The positive ionized atom accelerates towards the negatively charged target and hits the
target, resulting in one or all below scenarios [2]:


The ions may be reflected, likely neutralized in the process.
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Secondary electrons may emit from the target.



The ions may be buried in the target.



The impact may cause some structural rearrangements in the target material.



The impact may result in ejection of atoms from the target.

Figure 4.1. Schematic illustration of a DC magnetron system. Image from ref [3].

In DC magnetron sputtering, a strong magnet is attached behind the target to keep the
plasma close to the target, enhancing the productivity of the sputtering. The ejected
atoms from the target move towards the substrate by a differential pressure inside the
chamber. During their path to the substrate, the ejected atoms can form clusters via
either homogeneous nucleation or heterogeneous nucleation. In the latter case, a
secondary seed site, i.e. an impurity, is required for nucleation. Impurities inside the
chamber are not likely since the sputtering is performed under very controlled
environment. It is therefore assumed that in DC magnetron sputtering, clusters are
formed via homogeneous nucleation. The growth of the clusters depends upon a
sequence of collisions. First, the clusters are generated by a three-body collision, i.e.,
two metal atoms collide with an inert gas atom which will act as heat sink and remove
excessive energy from the metal atoms [4]. The cluster continues to grow by addition
of more ejected atoms until a critical size is reached [5]. Resulting clusters can then
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combine together, termed cluster-cluster coagulation [4]. The final cluster size can vary
between 50 to more than 106 atoms and are determined primarily by the residence time
of the clusters in the formation chamber [4]. The composition, size, and size distribution
of the clusters are influenced by parameters such as target material, sputtering power,
the pressure/flow of the inert gas, and the temperature inside the formation chamber:

Target material - A target disk with a given alloy composition can be made by inserting
plugs of one metal into a second metal, see Figure 4.2. Different elements have different
sputtering yields, i.e. the number of atoms ejected from the target surface per incident
ion [2]. Thus, the number of plugs inserted into the racetrack of the target must correlate
to the desired composition of the cluster. The racetrack is the circular area where the
probability of sputtering is maximum.

Figure 4.2. Schematic illustration of a metal target with inserts of another metal
in the racetrack.

Sputtering power – The sputtering power determines the energy of the ionized inert gas
atoms that are used to bombard the metal target; a higher power results in higher kinetic
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energy of the ionized inert gas atoms which in turn increases the probability of ejection
of atoms from the target [6].
The pressure/flow of inert gas – The atoms from the target are evaporated into the inert
gas flow, which serves a double purpose [4]. First, the gas cools the atoms and secondly,
the gas sweeps the clusters out of the formation chamber. Higher flow rates result in
more three-body collisions, producing more but smaller clusters. The velocity of the
carrier gas is influenced by the pressure difference between the formation chamber and
the deposition chamber; higher pressure difference means less time spent for the clusters
in the formation chamber, resulting in smaller clusters.
Temperature inside the formation chamber - The wall of the formation chamber can be
cooled with either liquid nitrogen or water to temperatures of approximately -120 °C or
18 °C, respectively. The low thermal conductivity of Ar and He gas atoms leads to a
uniform temperature within the chamber. The temperature inside the formation chamber
influences the size of the clusters according to Gibbs classical nucleation theory [7].
The critical nucleus size, rc, and the critical energy, ΔGc, i.e. the energy barrier that a
nucleation process must overcome, are defined by:

𝑟𝑐 =
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(4.12)

(4.13)

where γ is the surface energy, ΔGv is the free energy change of the transformation per
unit volume, Tm is the change of state temperature, Lv is the latent heat of fusion per
unit volume and ΔT = Tm ‒ T is the undercooling. Equations 4.1 and 4.2 reveal that
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increasing ΔT will result in decreasing rc and ΔGc, i.e., with decreasing temperature, T,
inside the formation chamber, the critical nucleus size decreases and smaller clusters
are formed.

Once a cluster leaves the formation chamber it enters the deposition chamber. The
deposition chamber is kept at room temperature and when a cluster impacts the
substrate, it can land intact or decompose. The deposition of the cluster is determined
by the kinetic energy per atom, Eat [8]. If Eat is lower than the cohesive energy of the
cluster constituents Ecoh, the deposition is regarded as soft landing. In this case the
deposited clusters will typically not fragment. However, if Eat > Ecoh, the impact is
regarded as high-energy and the cluster can potentially decompose and fragment. The
clusters in this dissertation are assumed to land softly on the substrate.

In this dissertation, an inert gas condensation (IGC) system at the University of
Nebraska-Lincoln was used (Figure 4.3). The system is equipped with a 3” DC
magnetron sputtering source, one 2” DC magnetron sputtering source, and one 2” RF
sputtering source. The Co-W nanoclusters were produced from a Co disk with inserted
W plugs. Three different targets were prepared: 1.5, 3, and 8 plug, which, according to
the sputtering rates, yields approximately 4, 8, and 25 at.% W [2]. The clusters were
produced by varying the sputtering power from 50 W to 150 W. The base pressure
inside the chamber was less than 10-7 torr. The cluster-forming chamber was cooled
either by water or liquid nitrogen to maintain a temperature of approximately 18 °C or
-120 °C, respectively. An Ar/He gas mixture was introduced into the cluster forming
chamber where Ar was used for the bombardment of the target and He was used in the
condensation of the vaporized material. The Co-W nanoclusters were then deposited on
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a Si substrate. The distance between the target and the Si substrate was fixed at 16 cm
for all samples. Deposition rates were measured in-situ using a quartz crystal thickness
monitor. For transmission electron microscopy (TEM) analysis, the clusters were
deposited directly onto graphite support films. For preventing oxidation of the clusters,
a thin layer of C was deposited following cluster deposition.

Figure 4.3. A schematic picture of the inert-gas condensation system at UNL.
Image from ref [9].

4.2 X-ray diffraction
X-ray diffraction (XRD) is a non-destructive technique based on constructive
interference of monochromatic X-rays. X-rays are electromagnetic radiation of
wavelength ranging from approximately 0.1 Å to 100 Å [10]. The crystal structure,
grain size, phases present, and texture of a material can be determined from XRD. An
XRD system consists of three main components: source, sample and detector. The
source, an X-ray tube, produces X-rays that encounters the crystal lattice of the sample
and interacts with the electrons of the atoms. This interaction will in turn produce
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scattered X-rays that are collected by a detector. Figure 4.4 shows monochromatic Xrays of wavelength λ encountering a crystal with atoms arranged on a set of parallel
planes spaced a distance d apart [10]. For constructive interference, the conditions of
Bragg’s law must be fulfilled [10]
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛(𝜃)

(4.14)

where n is an integer. This means that x-rays that are out of phase interfere destructively
and have no diffraction peak [11].

Figure 4.4. A schematic illustration of diffractions of x-rays in a crystal. Image
from ref [12].
Knowing the wavelength of the X-ray and the measured θ, Bragg’s law gives the planar
spacing d

𝑑=

𝑛λ
2 sin(𝜃)

(4.15)

From the Miller indices (hkl) the lattice parameter a for cubic structure is found by
solving following equation [10]
1
ℎ2 + 𝑘 2 + 𝑙 2
=
𝑑2
𝑎2
and lattice parameters a and c for hexagonal structure

(4.16)

40
1
4 ℎ2 + ℎ𝑘 + 𝑘 2
𝑙2
=
(
)
+
𝑑2 3
𝑎2
𝑐2

(4.17)

In this dissertation, the XRD measurements were performed with a Rigaku Multiflex
system. The Rigaku uses a Cu-Kα radiation with λ = 1.5418 Å and θ-θ geometry, i.e.
the source and detector rotates while the sample is held stationary. The samples were
prepared on a zero background holder and placed into the XRD. XRD measurements
were taken between 28°- 54° with a scan speed of 0.2°/min. The data were then plotted
in the computer program Origin 7 and compared with a database of diffraction patterns
in the International Centre of Diffraction Data (ICDD).

4.3 Transmission electron microscopy
Transmission electron microscopy (TEM) is a microscopy technique used for
determining the chemical and crystallographic information about a specimen by
transmitting a beam of electrons through the specimen. The advantage of TEM
compared to conventional optical microscopy is the resolution obtained in the TEM, a
point resolution less than 0.2 nm is possible [13]. A schematic of a TEM is shown in
Figure 4.5 where it can be seen that the TEM consists of an electron gun,
electromagnetic lenses, apertures, and a viewing screen. There are two main types of
electron guns, thermionic and field emission guns. In the thermionic gun, tungsten or
lanthanum hexaboride are typically used as filaments and they emit electrons once the
temperature of the filament is sufficiently high (above the work function) [14]. In the
field emission gun, a very strong electric field is used to extract electrons from a very
sharp single-crystal tungsten filament needle [15]. The electrons then accelerate to an
energy ranging from 20 – 1000 keV and travel through vacuum of approximately 10-5-

41
10-8 torr. [11, 14]. The electromagnetic lenses and apertures orient and focus the
electron beam towards the specimen. The electrons encounter the sample and diffract
in various directions depending on the orientation of the crystal(s) through which the
incident beam travels. The diffracted electron beams are then recombined again by
objective lenses and aperture. By adjusting the strength of the intermediate lens (after
the specimen), one can either view the diffraction pattern or form an image of the sample
[10].

Figure 4.5. Schematic drawing of a cross-section of a TEM. Image from ref [16].

Several TEM operational modes can be used to examine a sample. Only the modes that
were used in this dissertation are described here in brief.
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Bright field image – A bright field image is obtained with electrons from only the direct
beam, i.e. an aperture is placed in the back focal plane of the objective lens that excludes
all diffracted beams and only allows the direct beam [14].
Selected Area Diffraction Pattern (SADP) – The diffraction pattern is a projection of
the reciprocal lattice of the crystal and is obtained by introducing selected area apertures
after the objective imaging lens. The apertures will only allow a small fraction of
electrons passing through to form the image. From the SADP, information regarding
the specimen such as crystal structures, unit cell parameters and crystalline defects can
be obtained. If the specimen is a crystalline sample, the diffraction pattern show wellarranged dots and if the specimen is polycrystalline, a set of concentric rings is shown
[1]. The lattice spacing, d, of the specimen is calculated by solving
𝑅𝑑 = λL

(4.18)

Where R is the distance between the transmitted beam and the diffraction spot/ring and
λL is the camera constant.
Energy Dispersive X-ray Spectroscopy (EDS) – EDS is an analytical technique used
for determining the chemical composition of a material. When the electrons from the
filament gun are focused on to the specimen, the electrons interact with the atoms in the
specimen and emit X-rays characteristic of the element, which is then collected by a
detector for analyzing [17]. The EDS data is plotted either as a spectrum or histogram
where the X-ray counts as a function of X-ray energy. In this dissertation, EDS in
scanning TEM (STEM) mode was employed for compositional analysis. The advantage
of EDS in STEM mode is that a very small electron spot is used to scan the specimen,
resulting in a better spatial resolution in STEM mode than in regular TEM mode [18].
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Two independent volumes in a specimen can therefore for example be identified in the
STEM mode.
High-Resolution TEM (HRTEM) - A large objective aperture is selected in the HRTEM
mode that allows many beams including the direct beam to pass. The HRTEM image is
formed by interference of the direct beam with the diffracted beam. A resolution of
approximately 5-15 Å is possible in the HRTEM mode, making the HRTEM a powerful
tool for analyzing crystal structures and lattice imperfections.

In this dissertation, a JEOL 2010 transmission electron microscope operating at 200
kV, FEI Osiris operating at 200 kV and FEI Tecnai G2 F20 operating at 200 kV was
used to characterize the nanoclusters. The nanoclusters were deposited directly onto
graphite support films and covered by amorphous carbon. The compositions of the
clusters were determined by energy dispersive x-ray spectroscopy (EDS) operating in
the scanning TEM (STEM) mode in the FEI Tecnai. Area scans encompassing a number
of clusters were used to obtain an average composition. EDS data and TEM images
were collected by Dr. Kramer and Dr. Zhang at Ames laboratory and Mark Koten at
University of Lincoln-Nebraska. All the images and data were analyzed by the author.

4.4 Magnetic measurements
In this dissertation, the magnetic properties of the nanoclusters were obtained from a
magnetic property measurement system (MPMS) with a superconducting quantum
interference device (SQUID). This MPMS device is capable of making precise and
sensitive magnetic measurements over the temperature range 2 K – 400 K. The MPMS
system includes several different superconducting components [19]; a magnet to
generate large magnetic fields up to 7 T, detection coils that couples inductively to the
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sample, SQUID connected to the detection coil, and a magnetic shield that serves to
shield the SQUID detector from the magnetic field generated by the superconducting
magnet but also stabilize ambient surrounding magnetic field present whenever the
system is operated at low temperature. A SQUID consist of usually one or two
Josephson junctions that form a superconducting ring, see Figure 4.6. A Josephson
junction consists of two superconductors separated by an insulating material, acting as
a barrier to the flow of current. If the thickness of the barrier is small enough, Cooper
pairs will leak over from both sides and “lock together” and tunnel through the barrier
without breaking up, see Figure 4.6 [20]. Cooper pairs refer to two electrons of opposite
spin and momentum that are bound together, resulting in zero net spin and momentum
[20]. The junction will hence act as a weak superconductor. Further, when a current is
applied to the ring (biasing it) and a changing magnetic flux is applied through the ring,
the current and the voltage over the two junctions will start to oscillate.
A magnetic measurement in the MPMS system is performed by moving a sample
through the detection coils that are connected to the SQUID. As the sample moves
through the coils the magnetic moment from the sample induces electric current in the
detection coils. Since the detection coils, the connecting wires and the SQUID form a
closed superconducting loop, any change of magnetic flux in the detection coil will
produce a change in the persistent current in the circuit that is proportional to the change
in the magnetic flux.
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Figure 4.6. (left) A schematic illustration of a DC SQUID sensor. (right) A
schematic illustration of Cooper pairs tunnel through the barrier. Images from
ref [20].
Depending on the sensitivity measurements required, there are three different operation
modes [19]: hysteresis, oscillate, and no-overshoot. For rapid but less sensitive
measurement the hysteresis mode is selected. In the hysteresis mode, the
superconducting magnet is set on non-persistent mode and the power supply is always
on. In the oscillate mode, the magnetic field alternatively overshoot and undershoot till
the desired field is obtained and the superconduncting magnet is periodically shifting
between persistent and non-persistent mode. This process is more sensitive and slower
than the hysteresis mode. The most sensitive and slowest mode is the no-overshoot
mode where the field is ramped up quickly in the beginning but in the final part, the
field changes very slowly to avoid overshooting the target value. In the no-overshoot
mode, the superconduncting magnet is set on persistent mode.
In this dissertation, a Quantum Design MPMS SQUID magnetometer was used for the
magnetic measurement. The samples were prepared by imbedding Co-W nanocluster in
a C matrix by alternate deposition. The layer thickness of the Co-W nanoclusters were
set to 2 nm, which corresponds to an area density of approximately 25 % (see Figure
5.1), and 1 nm for the C layer. The overall thickness of the composite was approximately
45 nm with the volume fraction of the nanoclusters ranging from approximately 25 %
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to 50 %. The magnetic measurements were conducted at 10 K and 300 K with a
maximum field of 7 T. The no overshoot mode was employed for all the measurements.
The sample data were then corrected by subtracting the signals contributed from the Si
substrate and the C matrix. The slope of the linear diamagnetic signal was measured at
high field and then the average value of the slope was used to subtract the linear part
from the overall signal.
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CHAPTER 5: Solubility Extension and Phase Formation in
Gas-Condensed Co-W Nanoclusters
This chapter describe the investigation of the structure formation and magnetic
properties a single Co-W composition produced by different sputtering power and
temperature in the nucleation chamber. The results reported in this chapter have been
published in ref [1].

Co-W alloy clusters with extended solubility of W in hcp Co were produced by inertgas condensation. The structural state of the as-deposited Co-W clusters was found to
be critically dependent on processing parameters such as the cooling scheme and
sputtering power. For the clusters formed in the water-cooled formation chamber, the
mean size and percent crystalline were strongly dependent on sputtering power, while
the percent crystalline of the clusters formed in the liquid nitrogen-cooled formation
chamber were not as affected by the sputtering power. At low sputtering powers, the
clusters formed in the water-cooled formation chamber were predominantly amorphous,
but became increasingly more crystalline as the sputtering power increased. The
predominant crystalline phase was hcp Co(W), but high resolution transmission
electron microscopy revealed that very small and very large clusters contained fcc and
Co3W structures, respectively. The clusters formed in the liquid nitrogen-cooled
formation chamber were predominantly amorphous regardless of sputtering power,
although at the highest sputtering power a small percentage of the clusters were
crystalline. The magnetic properties were dependent on cooling schemes, sputtering
power, and temperature, with the highest coercivity of 893 Oe obtained at 10 K for
clusters formed in the water-cooled formation chamber sputtered at 150 W. The
magnetocrystalline anisotropy of the clusters formed in the water-cooled formation
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chamber sample increased with increasing sputtering power, with the highest anisotropy
of 3.9 × 106 ergs/cm3 recorded for clusters sputtered at 150 W.

5.1 Introduction
Nanoclusters formed upon condensation from the vapor state are proving to be a rich
source of novel, non-equilibrium structures [2]. In particular, the extension of solubility
limits, with the potential to significantly alter materials properties, has been predicted
in nanoclusters due to finite-size effects [3, 4]. Inert gas condensation (IGC) is a nonequilibrium processing route to produce nanoparticles, making it an ideal technique to
explore new materials and structures [5, 6]. In IGC, the cluster structure depends on
processing conditions, notably the sputtering power when dc magnetron sputtering is
used to create the gas phase [7, 8, 9] , and the temperature inside the cluster-forming
chamber [10]. Further, the structural state in clusters is size-dependent, especially in Co
nanoclusters, where the fcc structure was predominant in sub-6 nm clusters, with the
volume fraction of the hcp structure increasing with increasing cluster size [11].
In permanent magnetism, current research has recently shifted focus to rare earth-free
permanent magnet alloys as a consequence of increased world-wide demand on rare
earth elements [12]. The significant challenge is to develop materials with sufficient
anisotropy to induce large coercivity values without the RE elements. The ideal
materials require a high proportion of ferromagnetic elements such as Fe or Co. Recent
theoretical work has shown that solid solutions of 5d transition metals in Co or Fe
crystalline compounds induces an increase in magnetocrystalline anisotropy [13, 14],
thus potential candidates for permanent magnet alloys. Because of their larger size,
there is limited solubility of heavy transitions metals, such as W, in the 3d elements,
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particularly Fe and Co. The equilibrium solubility limit of W in hcp Co is approximately
0.5 atomic percent up to 750 °C [15]. In this study, inert-gas condensation has been used
to synthesize non-equilibrium Co-W clusters and to study their formation, structure, and
magnetic properties. The focus is to dissolve W in to hcp Co to determine if an increase
in magnetocrystalline anisotropy is observed.

5.2 Experiments
Co-W alloy clusters were produced by using inert-gas condensation [16]. DC
magnetron sputtering was used to form the atomic gas from a Co-W composite target.
The base pressure of the system was less than 10-7 Torr. An Ar/He gas mixture was
introduced into the cluster forming chamber, in which Ar was used for the sputtering
and He was used to ensure temperature uniformity inside the chamber. Deposition rates
were measured in situ using a quartz crystal thickness monitor. Clusters were produced
by using sputtering powers of 50, 100, and 150W, while the nucleation chamber was
cooled by either water or liquid N2.
The cluster-forming chamber was cooled either by flowing water or liquid nitrogen to
maintain a temperature of approximately 18 °C or -120 °C, respectively. The
composition of the Co-W nanoclusters was set by using W plugs inset in a Co target.
For this study, W plugs comprising approximately 16% of the “racetrack” typical of
magnetron sputtering was employed, which according to typical sputtering yields [17]
would result in a composition of approximately 92 at. % Co and 8 at. % W. For magnetic
measurements, the Co-W clusters were imbedded in a C matrix by alternate deposition
from the cluster source and an RF source positioned perpendicular to the cluster source.
Overall thickness of the composite films, which were deposited on a Si substrate, was
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approximately 30 nm. The magnetic measurements were conducted at 10 K and 300 K
using a Quantum Design Magnetic Property Measurement System (MPMS) SQUID
magnetometer with a maximum field of 7 T. The sample signal was determined by
subtracting the contributions from the Si substrate and the C matrix.
For characterization using transmission electron microscopy (TEM), the Co-W clusters
were deposited directly onto graphite support films, and to prevent oxidation a thin layer
of C was deposited after cluster deposition. TEM was accomplished using a JEOL 2010
operating at 200 kV and a FEI Tecnai G2 F20 operating at 200 kV. The compositions
of the clusters were determined by energy dispersive x-ray spectroscopy (EDS)
operating in the scanning TEM (STEM) mode in the FEI Tecnai. Area scans
encompassing a number of clusters were used to obtain an average composition. Image
analysis was accomplished by ImageJ®. For phase characterization the Rigaku
Multiflex x-ray diffractometer (XRD) with Cu Kα radiation was used. Cluster films
approximately 30 nm thick were deposited for x-ray diffraction studies.

5.3 Results and Discussions
Water Cooling:
TEM images of as-deposited clusters formed in the water-cooled formation chamber at
sputtering powers of 50, 100, and 150 W are presented in Figure 5.1. The clusters are
in the sub-10 nm range. It was found that the average size of the clusters increased with
increasing sputtering power (inset Figure 5.1). The sizes were estimated to 5.7±1.8,
6.6±2.1, and 7.1±2.8 nm for the sputtering powers 50, 100, and 150 W, respectively.
EDS analysis of both individual clusters and area scans of the clusters showed that the
composition was consistent for all sputtering powers, and was approximately 95 at. %
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Co and 5 at. % W. This composition lies in the two-phase region of Co3W + hcp Co in
the phase diagram [15].

Figure 5.1. TEM images and (inset) cluster-size histogram of as-deposited Co-W
clusters formed in the water-cooled formation chamber with magnetron sputter
power of (a) 50 W, (b) 100 W, and (c) 150 W

The XRD patterns of the as-deposited clusters formed in the water-cooled formation
chamber for all sputtering powers are shown in Figure 5.2. The standard diffraction
peaks corresponding to hcp Co and Co3W are indicated as dotted and dashed lines,
respectively. At low sputtering power [curve (a) in Figure 5.2] the x-ray diffraction
results indicate that the clusters have an amorphous structure, characterized by a broad
diffraction maximum at 2θ ~ 44°.

As the sputtering power increases the x-ray

diffraction patterns reveal that a number of broad peaks start to appear. The broad peaks
are due to the size of the diffracting regions. The good agreement with hcp Co peak
locations indicates the presence of crystalline hcp Co in the material. However, because
of structural similarities between hcp Co and Co3W [18], some diffractions lines are
nearly coincident. The most definitive peaks indicating the Co3W structure occur at
229.6° and 46.5°. No peaks were observed at these locations, suggesting that the
predominant structure is hcp Co. Additionally, no diffraction peaks were observed that
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corresponded to the (111) and (200) planes of fcc Co structure; thus, the diffraction
peaks clearly index to the hcp Co structure. The peak observed at 2θ ~ 29° for the
sample sputtered at 150 W [curve (c) in Figure 5.2] is an instrumental artifact.

Figure 5.2. X-ray diffraction pattern of as-deposited clusters formed in the
water-cooled formation chamber produced at (a) 50 W, (b) 100 W, and (c) 150
W. Dashed and dotted lines show the standard diffraction lines for Co3W and
hcp Co structure, respectively

High resolution TEM (HRTEM) images of the as-deposited clusters formed in the
water-cooled formation chamber confirmed that the clusters have a predominantly
amorphous structure at low sputtering power (Figure 5.3a), although some lattice
fringes were observed. The selected-area electron diffraction (SAD) pattern also
revealed a predominantly amorphous structure at low sputtering power, indicated by
diffuse rings, while the small number of crystalline particles is indicated by the few
discrete diffraction spots. The plane spacings determined from these diffraction spots
and measured from the lattice fringes were consistent with the hcp Co structure. With
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increasing sputtering power the lattice fringes became more prevalent, indicating a
larger number of crystalline particles (Figure 5.3b and 5.3c). In clusters oriented such
that lattice fringes are observed, they tend to extended across the entirety of the cluster,
indicating that the clusters are single-crystalline. The SAD pattern of the 150 W sample
(Figure 5.3d) was indexed to an hcp Co structure with lattice parameters a ~ 0.262 nm
and c ~ 0.408 nm, close to literature values [18].
The structures of the clusters can also be determined from high resolution TEM images
using fast-Fourier transforms (FFT). Clusters close to the mean size (~7 nm) were
determined to have the hcp Co structure (Figure 5.3b). However, an fcc structure was
observed in smaller clusters (<5 nm) as, for example, shown by the [011]-indexed FFT
of Figure 5.3a. The lack of fcc signatures in both x-ray diffraction and SAD patterns
would indicate that there is a relatively low volume fraction of the smaller clusters (see,
for example, the histogram of Figure 5.1). The appearance of the fcc structure in smaller
clusters and the hcp structure in larger clusters is consistent with earlier work in pure
Co nanoparticles by Yakamora et al. [11].
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Figure 5.3. High-resolution TEM image of individual as-deposited Co-W clusters
formed in the water-cooled formation chamber produced at (a) 50 W, (b) 100W
and (c) 150 W. (Inset) FFT of the HRTEM image where the diffraction spots
correspond to the (a) [011] zone axis of fcc structure, (b) [2110] zone axis of the
hcp structure and (c) [0001] zone axis of the hcp structure. (d) SAD pattern of the
150 W sample.

While larger (>12 nm) clusters indicated single-crystalline hcp structures in highresolution images (Figure 5.4a), high-angle annular dark field (HAADF) STEM images
clearly show unique compositional variations within clusters, with brighter regions
indicating a higher average atomic number (Figure 5.4). EDS analysis confirmed that
the brighter regions are enriched in W. It was also noted that these larger clusters are
distinctly faceted. The “wagon wheel” contrast in the STEM HAADF images suggests
two-phase formation in these clusters. The similarity in structure between hcp Co and
Co3W allows distinct segregation patterns while maintaining crystallographic
relationships between the two phases. In hcp Co the stacking of close-packed planes are
ABAB… (Figure 5.4c, left). The Co3W consists of an ordered substitution of two W
atoms in an hcp Co supercell of 8 atoms, as can be seen in Figure 5.4c (right), with each
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W atom replacing one Co atom on each layer. This gives lattice parameter relationships
between hcp Co and Co3W of
𝑎𝐶𝑜3 𝑊 ≈ 2𝑎ℎ𝑐𝑝 𝐶𝑜
𝑐𝐶𝑜3𝑊 ≈ 𝑐ℎ𝑐𝑝 𝐶𝑜
A model structure of the larger, faceted clusters is shown in Figure 5.4d. This proposed
structure has an ordered substitution of W in hcp Co along the [1010] directions and is
consistent with both HRTEM and HAADF images. The formation of the two
equilibrium phases in the larger clusters indicates an approach to equilibrium phase
relationships as the cluster size increases, with the transition occurring in this system at
~10 nm. At smaller cluster sizes, the cluster’s inability to support multiple phases leads
to a supersaturated solid solution of W in hcp Co.
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(a)

(b)

(c)

(d)

Figure 5.4. (a) High-angle annular dark field (HAADF) STEM image of the CoW cluster showing compositional variations within the cluster. (b) High
resolution TEM of the faceted cluster. (c) Structural model of hcp Co and Co3W
(blue spheres represent Co atoms and green spheres represent W atoms) are
from side and top view. (d) Proposed structure of the “wagon wheel” (seen from
the top)
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The magnetic properties of the as-deposited Co-W clusters formed in the water-cooled
formation chamber measured at 10 and 300 K are presented in Table 5.1. The hysteresis
curves normalized to the largest measured magnetization for the different sputtering
powers and temperatures are presented in Figure 5.5. At 300 K, the coercivity and
remanence ratio increased slightly with increasing sputtering power. The low coercivity
is a result of the predominantly amorphous structure in the clusters. At 10 K, both
coercivity and remanence ratio increased with increasing sputtering power, with the
highest coercivity of 893 Oe for the 150 W sample. The value of the magnetocrystalline
anisotropy K1 was found by the law of approach to saturation [19, 20]. In this technique,
the high-field magnetization measurements are least-squared fitted to the equations

𝑀 = 𝑀𝑠 (1 −

𝐴
) + 𝜒𝐻
𝐻2

(5.19)

where χ is the high-field susceptibility and A is a constant that includes the anisotropy
constant K1 according the relationship
4 𝐾12
𝐴=
15 𝑀𝑠2

(5.20)

The increase of coercivity, remanence ratio, and magnetocrystalline anisotropy is due
to the increased fraction crystalline clusters which occurs with increasing sputtering
power. However, the observed coercivities are lower than what is typical for hcp Co,
and the highest magnetocrystalline anisotropy observed here, 3.9 × 106 ergs/cm3, is
slightly lower than that of bulk hcp Co (K1 ~ 4.5 × 106 ergs/cm3 [21]). Typically, the
magnetic anisotropy of hard-magnetic materials tends to be lower in nanoclusters due
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to the high fraction of surface atoms [7, 22]. Here it appears that any enhancement in
K1 due to W additions is more than offset by the surface effects. Additionally, the
saturation magnetizations were significantly reduced as compared to pure hcp Co (1422
emu/cm3). The saturation magnetization also appears to decrease as the crystallinity
increases, suggesting that atomic ordering of the W suppresses the magnetic moment of
Co. Note that the largest particles had an obvious 2-phase mixture of hcp Co and Co3W.
Since Co3W has a low magnetization, it is possible that slightly smaller clusters may
have local (short-range) ordering of the W which acts to suppress the magnetization as
it does in Co3W. The decrease in magnetization is also consistent with theoretical
calculations of W-doped Co [14]. As the particles get larger the energy penalty for
forming the coherent interfaces is likely small compared to the formation enthalpy of a
hyper-stoichiometric hcp Co with W. Further work is necessary to clarify this effect.

Table 5.1. The coercivity (Hc), saturation magnetization (Ms), remanance ratio
(Mr/Ms) and magnetocrystalline anisotropy (K1) of the as-deposited Co-W clusters
formed in the water-cooled formation chamber measured at 10 and 300 K.

Mean
Sample

cluster
size (nm)

Hc (Oe)

Ms (emu/cm3)

Mr/Ms

K1
(× 106 ergs/cm3)

300 K 10 K

300 K 10 K

300 K 10 K

300 K

10 K

50W

5.7 ± 1.8

24

537

822

860

0.06

0.44

2.1

1.9

100W

6.6 ± 2.1

95

623

472

565

0.18

0.47

2.7

3.2

150W

7.1 ± 2.8

150

893

380

452

0.20

0.48

2.1

3.9
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Figure 5.5. Hysteresis curves normalized with the largest measured magnetization
for the as-deposited Co-W clusters formed in the water-cooled formation chamber
by using power setting (a) 50 W, (b) 100 W, and (c) 150 W

Liquid Nitrogen Cooling:
TEM images of as-deposited clusters formed in the liquid nitrogen-cooled formation
chamber are shown in Figure 5.6. The sizes of the clusters were estimated to be 6.3±3.7,
4.4±2.0, and 4.9±2.5 nm for the sputtering powers 50, 100, and 150 W, respectively.
The smaller mean size of these clusters compared to the clusters formed in the watercooled formation chamber is believed to be due to the lower temperature during the
nucleation process. The lower temperature decreases the critical nucleus size and
suppresses subsequent growth of clusters.
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Figure 5.6. TEM image of as-deposited Co-W clusters formed in the liquid
nitrogen-cooled formation chamber at sputtering power (a) 50 W, (b) 100 W, and
(c) 150 W

XRD patterns (Figure 5.7) of the as-deposited samples revealed only a broad diffraction
maximum at 2θ ~ 44° for clusters produced using a power setting of 50 W. The broad
peak suggests an amorphous structure. No additional peaks appeared in the pattern even
with increasing sputtering power. This indicates that the samples remained amorphous
regardless sputtering power. Note that the peak observed at 2θ ~ 36° for sample
sputtered at 50 W [curve (a) in Figure 5.7] is an instrumental artifact.
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Figure 5.7. X-ray diffraction pattern of as-deposited Co-W clusters formed in the
liquid nitrogen-cooled formation chamber at (a) 50 W, (b) 100 W, and (c) 150 W.
Dashed and dotted lines show the standard diffraction lines for Co3W and hcp
Co, respectively.

HRTEM and SAD images of the as-deposited clusters formed in the liquid nitrogencooled formation chamber using power settings of 50 and 100 W indicated that the
clusters were amorphous. Neither diffraction spots nor lattice fringes were visible in the
images at these powers. However, clusters produced with a power setting of 150 W
displayed some lattice fringes in the HRTEM images and also discrete diffraction spots
in the SAD pattern (Figure 5.8), indicating some particles are crystalline at this power.
The FFT of the cluster shown in Figure 5.8 (inset Figure 5.8) was indexed to the [2110]
zone axis of the hcp structure. Indexing of the few reflections observed in the SAD
pattern was consistent with an hcp structure with lattice parameters a ~ 0.243 nm and c
~ 0.416 nm, consistent with the FFT.
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(b)

(a)

Figure 5.8. (a) HRTEM image of individual as-deposited Co-W cluster formed in
the liquid nitrogen-cooled formation chamber at 150 W. (Inset) FFT of the
HRTEM image shows the diffraction spots corresponding to the [2110] zone axis
of hcp structure. (b) SAD pattern of 150 W samples.

At 300 K, the as-deposited clusters formed in the liquid nitrogen-cooled formation
chamber at 50 W showed superparamagnetic behavior, with both coercivity and
remanence ratio being zero, while some hysteresis was observed for samples processed
at 100 and 150 W (Figure 5.9, Table 5.2). The hysteretic behavior for the latter two
samples may be due to the (small) increase in cluster size, but more likely due to the
increase in structural order, which would increase the anisotropy, and consequently the
blocking temperature. At 10 K, the 50 W sample showed ferromagnetic behavior, with
Hc ~ 423 Oe and Mr/Ms of 0.45. The coercivity also increased for the 100 W and 150
W samples. The magnetocrystalline anisotropy values obtained for the as-deposited
clusters formed in the liquid nitrogen-cooled formation chamber were well below the
values obtained for clusters formed in the water-cooled formation chamber which is due
to the lower fraction crystalline particles observed in the clusters formed in the liquid
nitrogen-cooled formation chamber samples.
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Figure 5.9. Hysteresis curves normalized with the largest measured
magnetization for the as-deposited Co-W clusters formed in the liquid nitrogencooled formation chamber at power setting (a) 50 W, (b) 100 W, and (c) 150 W

Table 5.2. The coercivity (Hc), saturation magnetization (Ms), remanance ratio
(Mr/Ms) and magnetocrystalline anisotropy (K1) of the as-deposited Co-W clusters
formed in the liquid nitrogen-cooled formation chamber measured at 10 and 300
K.

Mean
Sample

cluster
size (nm)

Hc (Oe)

Ms (emu/cm3)

Mr/Ms

K1
6

(× 10 ergs/cm3)
300 K 10 K

300 K 10 K

300 K 10 K

300 K

10 K

50W

6.3 ± 3.7

0

423

358

409

0

0.45

1.1

1.2

100W

4.4 ± 2.0

11

481

293

463

0.03

0.45

2.2

2.0

150W

4.9 ± 2.5

14

470

345

485

0.04

0.45

1.1

1.0

The coercivity as a function of sputtering power for both cooling schemes is shown in
Figure 5.10. The values of clusters formed in the liquid nitrogen-cooled formation
chamber were still lower than for the clusters formed in the water-cooled formation

66
chamber regardless of the sputtering power, which is due to the increased fraction
crystalline clusters formed in the water-cooled formation chamber compared to clusters
formed in the liquid nitrogen-cooled formation chamber.

Figure 5.10. Coercivity for both clusters formed in the water and liquid nitrogencooled formation chamber as a function of sputtering power
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5.4 Conclusion
Sub-10 nm Co-W alloy clusters were deposited by using inert gas condensation method.
The structure and formation of the as-deposited clusters were controlled by using
different cooling schemes and sputtering powers. EDS analysis of both individual
clusters and area scans revealed consistently that the composition of the clusters was
approximately 95 atomic percent Co and 5 atomic percent W regardless of processing
conditions, which is approximately 5 atomic percent above the equilibrium solubility
limit of W in hcp Co. For the clusters formed in the water-cooled formation chamber,
x-ray diffraction and transmission electron microscopy revealed that at low sputtering
power the structures formed were predominantly amorphous, while for high sputtering
power crystalline hcp Co clusters with W in solid solution were formed. Hexagonal
shaped clusters were observed at the highest sputtering power for the as-deposited
clusters formed in the water-cooled formation chamber. HAADF/STEM images
showed compositional variations within the clusters, with the brighter regions being
more W rich. For clusters formed in the liquid nitrogen-cooled formation chamber,
TEM images and X-ray diffraction showed that the samples were amorphous for power
settings 50 W and 100 W while for the 150 W diffuse rings together with discrete
diffraction spots were observed in the SAD images. The magnetic measurements
showed that the coercivity and remanence ratio of clusters formed in the water-cooled
formation chamber was higher than for clusters formed in the liquid nitrogen-cooled
formation chamber for all sputtering powers and temperatures. The crystalline clusters
formed in the water-cooled formation chamber were determined to have higher
coercivity at both 10 K and 300 K. The highest coercivity of 893 Oe was obtained for
150 W sample at 10 K, and the magnetocrystalline anisotropy corresponding to this
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sputtering power was estimated to be 3.9 × 106 ergs/cm3, which is slightly lower than
for bulk hcp Co.
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CHAPTER 6: Magnetocrystalline anisotropy enhancement of
hyperextended hcp Co-W solid solutions
This chapter focuses on the magnetic behavior, particularly the intrinsic magnetic
properties, of the nanoclusters as a function of the W content. The different
compositions were formed with the same processing parameters. The results reported
in this chapter are under review [1].
This paper reports the effect of 5d transition element W content on the formation,
structural and magnetic properties of Co-W nanoclusters. The increased solubility
beyond equilibrium limits was achieved by inert gas condensation, where sub-10 nm
Co-W clusters with W content ranging from 4 to 24 atomic percent were formed.
Structural characterization revealed that at low W content the as-deposited clusters were
single-crystalline clusters and predominantly hcp Co(W) structure. At high W content,
clusters with Co3W, hcp Co(W) or fcc Co(W) structures were observed. The singlephase hcp Co(W) clusters display a significant extension of W solubility when
compared to the equilibrium solubility, which strongly affected the magnetic behavior.
The magnetic measurements at 10 K and 300 K revealed ferromagnetic behavior and
that the magnetic properties are dependent on W content, with the highest
magnetocrystalline anisotropy constant Ku (3.9 Mergs/cm3) and coercivity Hc (893 Oe)
observed at 10 K for the 5 at. % W sample.
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6.1 Introduction
Rare-earth elements with their unique physical and chemical properties are critical
materials important to advanced electronics and permanent magnet applications, such
as wind turbine, computer hard drives, and hybrid/electric vehicles. However, the
limited export of rare-earth elements from China and increasing demand has led to
renewed focus on developing permanent magnet materials with reduced or no rare-earth
content [2, 3]. A key challenge is to develop rare-earth-free permanent magnets with
sufficient anisotropy to induce large coercivity, while at the same time having high
magnetization. The high magnetization is usually provided by the ferromagnetic
elements Fe or Co, but alloying is necessary to induce anisotropy. While typically
alloying leads to compound formation with uniaxial anisotropy, such as Nd2Fe14B,
SmCo5, and Zr2Co11 [4, 5, 6], recent theoretical work indicates that dissolving 5d
transition metals such as W into Co or Fe could induce an increase in magnetocrystalline
anisotropy in the solid solution structure [7, 8, 9]. However, there is limited solubility
of 5d transition metals in Co or Fe [10]. Non-equilibrium processes, such as inert-gas
condensation (IGC), can extend the solid solubility beyond the equilibrium limit and
give the opportunity to explore new materials and structures [11, 12, 13, 14, 15].
Further, IGC can also be used to produce nanoclusters which are of interest due to their
unique properties in contrast to their respective bulk materials.
In this study, the formation, structure and magnetic properties of IGC-produced Co-W
clusters with increasing W content are presented. Earlier work on IGC-produced Co-W
nanoclusters showed that sputtering at high power together with keeping the clusterforming chamber cooled by water will yield predominantly single crystalline clusters
with moderate magnetic properties [16, 17]. Here, we expand the work into different
compositions, and focus on the effect of W dissolution on intrinsic magnetic properties
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6.2 Experimental Procedure
Co-W alloy nanoclusters with three different compositions were fabricated in a clusterdeposition system. The W content in the nanoclusters was controlled by varying the
number of W plugs inserted in a Co target. The base pressure of the cluster-deposition
system was less than 10-7 Torr and the temperature of the condensation temperature was
kept at approximately 18°C. A mixture of Ar and He was introduced into the gas
aggregation chamber as working gases. The Ar and He flow rates were fixed at 300 and
100 SCCM, respectively. The gas phase was produced by using a direct current (DC)
magnetron sputtering gun at a sputtering power of 150W and the deposition rate was
measured in-situ by a quartz crystal thickness monitor. The Co-W clusters were
deposited directly onto graphite support films for structural, size, and shape
characterization using transmission electron microscopy (TEM). A thin layer of C was
deposited after cluster deposition to prevent oxidation. TEM was accomplished using a
JEOL 2010, FEI Osiris, and a FEI Tecnai G2 F20, all operating at 200 kV. The
composition of the nanoclusters was measured by energy dispersive x-ray spectroscopy
(EDS) operating in the scanning TEM (STEM) mode. Image analysis to determine size
distribution was accomplished by ImageJ®. Cluster films approximately 30-100 nm
thick were deposited for phase characterization using the Rigaku Multiflex x-ray
diffractometer with Cu Kα radiation.
In order to study the magnetic properties of the Co-W clusters, the clusters were
imbedded in a C matrix by alternating the deposition from the cluster source and an RF
source with a carbon target. The clusters and matrix were deposited on a Si substrate
which was kept at ambient temperature in the deposition chamber. The overall thickness
of the composite films was approximately 30 nm. The magnetic measurements were
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conducted at 10 K and 300 K using a Quantum Design Magnetic Property Measurement
System

(MPMS)

superconducting

quantum

interference

device

(SQUID)

magnetometer with a maximum field of 7 T. The magnetic signal from the diamagnetic
Si substrate and the C matrix was de-convoluted from the total signal by fitting a straight
line to the high-field region and subtracting the linear portion from the measured signal.

6.3 Results and Discussions
The compositions of the Co-W samples were measured by EDS analysis of both
individual clusters and area scans of approximately 320, 280, and 100 clusters and were
determined to be 4, 5, and 24 at. % W, respectively. These compositions are in the twophase region of Co3W + hcp Co in the equilibrium phase diagram [10]. Henceforth, the
4, 5, and 24 at. % W samples will be referred to as W4, W5, and W24, respectively.
TEM images revealed that the as-deposited clusters are primarily in the sub-10nm
range. The average size and standard deviation of the W4, W5, and W24 clusters were
estimated from approximately 260, 100, and 70 clusters, respectively, and were
determined to be 5.8±3.0 nm, 7.1±2.8 nm, and 6.8±2.7, respectively.
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Figure 6.1. TEM micrographs of as-deposited (a) W4, (b) W5, and (c) W24
nanoclusters. Inset: Corresponding cluster-size histogram of the as-deposited
clusters.

Figure 6.2 shows the x-ray diffraction (XRD) patterns of the as-deposited clusters. For
all compositions, the diffraction pattern revealed broad peaks, consistent with the small
scale of the clusters (particle size broadening). For the W4 and W5 samples (Figure 6.2a
and 6.2b), the XRD patterns revealed peaks at positions consistent with the hcp structure
(vertical black dashed line). Some diffraction lines for hcp Co and Co3W (vertical red
dotted line) are nearly coincident since there are structural similarities between the
phases [18]. However, no peaks were observed at the most definitive Co3W positions
(229.6° and 46.5°), strongly suggesting that the Co3W phase is not present. For the
W24 sample (Figure 6.2c), a dominant peak is observed at 2° which corresponds
closely to the (002) peak position of Co3W. Further, minor broad peaks are also
observed at 2° and ° which were indexed to the (110) and (201) peaks of the
Co3W phase.
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Figure 6.2 X-ray diffraction pattern of as-deposited (a) W4 (b) W5, (c) W24
samples. It should be noted that the peak seen in (b) at 229° is an
instrumental artifact.

The selected area electron diffraction pattern (SADP) of the three compositions showed
diffuse rings together with some discrete diffraction spots, suggesting varying degrees
of crystallinity in the clusters. For the W4 (Figure 6.3a) and W5 samples, the lattice
spacings determined from the SADP reflections were consistent with a single-phase hcp
structure. The lattice parameters for the W4 and W5 samples were measured to be
a=0.255 nm and c=0.411 nm and a=0.262 nm and c=0.408 nm [16], respectively,
reasonably close to the literature values of hcp Co but slightly expanded, presumably
due to the W dissolution. Thus, this hcp structure will be described throughout as hcp
Co(W), alluding to the solid solution nature of the structure. For the W24 sample, on
the other hand, (Figure 6.3b), the SADP result indicated the existence of two phases:
hcp Co(W) and Co3W. The lattice parameters for the hcp Co(W) phase were determined
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to be a=0.253 nm and c=0.414 nm and for the Co3W a=0.512 nm and c=0.420 nm, both
consistent with reported values [18].

Figure 6.3. The SAD pattern of the as-deposited Co-W clusters. (a) W4 was
indexed to hcp Co(W) structure and (b) W24 was indexed to Co3W + hcp Co(W)
structure.

High-resolution TEM (HRTEM) images of W4 nanoclusters revealed the presence of
single-crystalline clusters (Figure 6.4a) and amorphous clusters (Figure 6.4c).
Additionally, a very small fraction of polycrystalline nanoclusters was also observed
(Figure 6.4b). The polycrystalline clusters were typically larger in size. Fast-Fourier
transforms (FFT) of the HRTEM images were utilized to determine the lattice spacings
from which we can infer the crystal structure of the clusters. The FFT of the lower
cluster in Figure 6.4a was indexed to the [0001] zone axis of an hcp structure, consistent
with SADP and XRD results. No clusters with fcc or Co3W structure were found in the
W4 sample. The crystal structure of W5 clusters was determined to be size-dependent.
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The FFT revealed an fcc structure for clusters smaller than 5 nm and hcp structure for
clusters close to the mean size 7 nm [16]. In the W24 sample, a small fraction of faceted
clusters was evident (Figure 6.4d), and the FFT of this particular cluster corresponded
to the [011] zone axis of an fcc structure. The lack of fcc signature reflections at this
composition in both the XRD pattern (Figure 6.2c) and SADP (Figure 6.3b) suggests
that there is a relatively low fraction of fcc Co(W) clusters (less than ~5 percent), and
its observation by HRTEM may have been fortuitous. Further, a large fraction of the
clusters examined in W24 were single-crystalline clusters with either the Co3W (Figure
6.4e) or hcp Co(W) structures (Figure 6.4f; indexed to the [0001] zone axis), which
corroborates the results obtained by the XRD pattern and SADP. High-angle annular
dark field (HAADF) STEM images of the W24 sample showed no internal
compositional variations in the clusters, suggesting Co3W and hcp Co(W) did not
coexist with each other. This result is in contrast to the W5 sample where clusters larger
than 12 nm showed the coexistence of both hcp Co(W) and Co3W phase [16].
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Figure 6.4. HRTEM images of as-deposited Co-W clusters: (a-c) W4 and (d-f)
W24. Inset: Fast Fourier transform of the HRTEM images.
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The magnetic behavior of the samples were also determined by hysteresis loops at 10
K and 300 K (Figure 6.5).

Figure 6.5. Magnetic hysteresis loops at 10 K and 300 K for Co-W nanoclusters:
(a) W4 (b) W5, and (c) W24. The inset shows the demagnetization behavior at
both temperatures.

For all samples, the clusters showed higher coercivity at 10 K than at 300 K (Table 1).
As the W content increased from 4 to 5 at. % W the coercivity, Hc, and the saturation
magnetization, Ms, increased from 645 Oe to 893 Oe and 284 emu/cm3 to 452 emu/cm3,
respectively [16]. For the W24 sample, the Hc and Ms decreased to 310 Oe and 70
emu/cm3, respectively. This decrease is primarily due to the large fraction of clusters
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with the Co3W structure (Hc// = 250 Oe [19]) and clusters with fcc Co(W) structure
observed in the W24 sample. Further, the Ms values obtained for W4, W5, and W24
samples were lower than for hcp Co (~1422 emu/cm3) due to the fact that the W atom
couples antiferromagnetically to the Co atom and the surface effects that inherently
reduce the saturation magnetization of nanoparticles [8, 20, 21].
The value of the magnetocrystalline anisotropy constant K1 was found for all samples
by the law of approach to saturation, described in detail elsewhere [16, 22, 23]. The
magnetocrystalline anisotropy constant was also determined to be dependent on
composition and temperature (Figure 6.6 and Table 6.1). At 10 K, K1 for W4 and W5
was determined to be 1.8 and 3.9 Mergs/cm3 [16], respectively, which is slightly lower
than that of bulk hcp Co (K1 ~4.5 Mergs/cm3 [20]). The lower anisotropy value
observed in nanoparticles compared to bulk is consistent with previous results on
nanoparticles that arise from the large fraction of surface atoms [12, 24]. The results
here reveal a definite relationship with the amount of W dissolved into the hcp structure,
with increasing W improving the magnetocrystalline anisotropy, consistent with recent
theoretical calculations [7]. At higher W content (for W24), the magnetocrystalline
anisotropy was determined to be 0.3 Mergs/cm3 at 10K. These nanoparticles are largely
made up of Co3W and hcp Co(W). A relatively low fraction of clusters with fcc Co(W)
phase was also observed at this composition. The anisotropy constant for Co3W is not
reported in the literature, to the best of our knowledge, but reports on the magnetic
behavior of electrodeposited films suggests that it is relatively low [25]. The K1 of fcc
Co is typically very low, on the order of 0.5 Mergs/cm3 [26].
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Figure 6.6. Coercivity and magnetocrystalline anisotropy of Co-W nanoclusters
as a function of W content recorded at 10 K.
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Table 6.1. The coercivity (Hc), saturation magnetization (Ms), remanance ratio
(Mr/Ms) and magnetocrystalline anisotropy (K1) of the as-deposited Co-W
clusters measured at 10 K and 300 K.
Mean
Sample

cluster size
(nm)

Hc (Oe)

Ms (emu/cm3)

Mr/Ms

K1
(× 106 ergs/cm3)

300 K 10 K

300 K 10 K

300 K 10 K

300 K

10 K

W4

5.8 ± 3.0

79

645

281

284

0.13

0.52

1.4

1.8

W5

7.1 ± 2.8

150

893

380

452

0.20

0.48

2.1

3.9

W24

6.8 ± 2.7

42

310

50

70

0.13

0.45

0.3

0.3

6.4 Conclusions
Sub-10 nm Co-W nanoclusters with extended solubility of W in hcp Co were
successfully produced by inert-gas condensation. Structural analysis of the low W
content clusters revealed predominantly the hcp Co structure, while the sample with
high W content clusters showed Co3W, hcp Co(W) or fcc Co(W) structure. All
compositions showed ferromagnetic behavior at both 10K and 300K. It appears that
dissolving larger amounts of W into hcp Co increases both the saturation magnetization
and magnetocrystalline anisotropy. However, beyond the (extended) solubility limit,
the formation of Co3W and preferential formation of fcc Co(W) rather than hcp led to a
deterioration of magnetic properties. The highest coercivity, saturation magnetization
and magnetic anisotropy was recorded at 10K for the 5 at. % W sample and was
determined to be 893 Oe, 452 emu/cm3, and 3.9 Mergs/cm3, respectively.

This

magnetocrystalline anisotropy constant was on the order of that for bulk hcp Co,
indicating that the W dissolution offsets the size affects that normally reduce the
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anisotropy, consistent with previous theoretical predictions. The work here suggests
that supersaturated 5d transition metals in hcp may be an effective route to future nonrare earth permanent magnets.
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Chapter 7: Conclusions
In this research, sub-10 nm Co-W nanoclusters with the compositions 4, 5, and 24 at.%
W were produced by inert gas condensation. The size and formation of the as-deposited
clusters were controlled by different sputtering powers and cooling schemes. The mean
size of the clusters formed in the liquid nitrogen-cooled formation chamber were
smaller than for clusters formed in the water-cooled formation chamber. This is due to
the lower temperature during nucleation, which decreases the critical nucleus size and
also slows the growth of clusters. Clusters produced at low sputtering power were
amorphous, but with increasing sputtering power the fraction of crystalline clusters
increased regardless of cooling scheme. For the low W content sample, the structural
analysis revealed single-crystalline clusters with predominantly hcp Co structures with
lattice parameters slightly expanded relative to the literature value of hcp Co,
presumably due to the W dissolution. For clusters smaller than 5 nm, fcc Co(W)
structure was observed, while for clusters larger than 12 nm, a coexistence of hcp Co
and Co3W phases within a cluster was observed. For the high W content sample, a large
fraction of the clusters were single-crystalline clusters with either the Co3W or hcp
Co(W) structures.
The magnetic properties of the clusters were influenced by the composition, cooling
scheme and sputtering power. The magnetic measurements at 10 K and 300 K showed
that the magnetic properties of the clusters formed with water cooling were generally
higher than the properties observed for clusters formed when the chamber was cooled
with liquid nitrogen, due to larger fraction crystalline clusters formed with water
cooling. For the 4 at.% W sample, the highest coercivity of 645 Oe and
magnetocrystalline anisotropy of 1.8 × 106 ergs/cm3 were recorded for clusters sputtered
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at 150W under water-cooled conditions. When dissolving more W into the hcp Co
structure, as in the 5 at.% W sample, the coercivity and magnetocrystalline anisotropy
increased to 893 Oe and 3.9 x 106 ergs/cm3, respectively. However, at higher W content,
the formation of fcc Co(W) and Co3W phases resulted in the magnetic properties to
deteriorate significantly because of the poor intrinsic properties of those structures. The
highest coercivity and magnetocrystalline anisotropy of 310 Oe and 0.3 x 106 ergs/cm3,
respectively, were recorded for the 24 at. % W clusters formed with water cooling at
150 W. The magnetic properties obtained in 5 at.% W, especially the magnetocrystalline
anisotropy constant, indicate that supersaturated dissolution of 5d transition metals in
hcp Co may be an effective route to future non-rare earth permanent magnets.

